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The yellow fever virus (YFV) is the prototypical member of the Flaviviridae family, which also includes viruses such as hepatitis C virus, dengue, West Nile, Zika, and Japanese encephalitis.^(^ [^1^](#hep41504-bib-0001){ref-type="ref"}, [^2^](#hep41504-bib-0002){ref-type="ref"} ^)^ Yellow fever (YF) is endemic in 47 countries across Africa and Central and South America,^(^ [^3^](#hep41504-bib-0003){ref-type="ref"} ^)^ and over 2,000 cases were reported in the Brazilian outbreak between July 2016 and June 2018.^(^ [^4^](#hep41504-bib-0004){ref-type="ref"} ^)^ The infection was fatal in more than one‐third of these patients, and the lethal cases were mostly attributed to acute liver failure.^(^ [^5^](#hep41504-bib-0005){ref-type="ref"} ^)^ Therefore, YF remains a major health problem despite intense study about transmission and prophylaxis of the virus and the availability of an effective vaccine. The pathogenesis of the liver disease caused by YFV is poorly understood; indeed, treatment of infected individuals has typically been limited to supportive measures. During the recent Brazilian outbreak, however, selected patients with liver failure were considered for urgent liver transplant.^(^ [^6^](#hep41504-bib-0006){ref-type="ref"}, [^7^](#hep41504-bib-0007){ref-type="ref"} ^)^ This provided the opportunity to more carefully characterize the clinical and pathological features of YF‐induced acute liver failure and to investigate the cell biology of its pathogenesis. Calcium signals in hepatocytes regulate pathological processes that are known to occur in YF, including changes in cell proliferation, lipid droplet formation,^(^ [^7^](#hep41504-bib-0007){ref-type="ref"} ^)^ and cell death.^(^ [^2^](#hep41504-bib-0002){ref-type="ref"}, [^8^](#hep41504-bib-0008){ref-type="ref"} ^)^ Therefore, we examined cellular and molecular alterations in the calcium signaling machinery in livers of patients infected with YFV and in isolated liver cells and an animal model.

Materials and Methods {#hep41504-sec-0002}
=====================

Human Liver Specimens {#hep41504-sec-0003}
---------------------

Human liver samples and clinical data from patients with YF were obtained under the auspices of protocols approved by the Ethics Committee of Hospital Felicio Rocho (Belo Horizonte, Brazil) number CAAE: 90780318.9.0000.5125. YF specimens were from explanted livers, posttransplant liver biopsy of a patient who presented retroperitoneal bleeding 48 hours after the liver transplant, and autopsies of patients hospitalized at Hospital Felicio Rocho in the 2018 YF outbreak. Healthy liver samples were obtained from biopsies of pretransplant liver grafts. YF diagnosis was confirmed by real‐time polymerase chain reaction (PCR) in all cases. Patient selection for orthotopic liver transplantation was based on Clichy criteria.^(^ [^9^](#hep41504-bib-0009){ref-type="ref"} ^)^

Cells {#hep41504-sec-0004}
-----

HepG2 wild‐type (WT) and inositol trisphosphate receptor (ITPR) 3 knockout (KO) cells were obtained from the laboratory of Dr. M. Nathanson (Yale University), maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, and kept at 37°C in 5% CO~2~.

Production of Viruses and Plaque Assay {#hep41504-sec-0005}
--------------------------------------

For *in vitro* and *in vivo* experiments we used two YFV strains: (1) the 17DD vaccine substrain (YFV~17DD~), kindly donated by the Reference Laboratory for Flavivirus, Fiocruz, Brazilian Ministry of Health, and (2) The WT strain (YFV~WT~), which was isolated in our Laboratory from a clinical specimen of serum from a symptomatic patient from the 2018 outbreak in Minas Gerais. 17DD virus stocks were passaged at a multiplicity of infection (MOI) of 0.01 in Vero cells (ATCC CCL81, existing collection in our laboratory from Banco de Células do Rio de Janeiro \[BCRJ, access code 0245\]) in Roswell Park Memorial Institute (RPMI) medium (Cultilab, Campinas, Brazil) supplemented with 10% segmented filamentous bacteria for 5 days at 37°C. The YFV~WT~ virus strain was propagated in mosquito cells (Aedes albopictus clone C6/36 \[ATCC CRL‐1660, existing collection in our laboratory from BCRJ, code 0343\]) in L15 medium supplemented with 10% fetal bovine serum (FBS) (Cultilab) and maintained at 28°C. YFV~WT~ isolation was confirmed by real‐time PCR as described subsequently. To concentrate the virus, 50 mL of the cell culture supernatant was loaded onto a VivaCell 100 centrifugal concentrator (Sartorius, Göttingen, Germany) and centrifuged at 2,000*g* for 10 minutes, and the supernatant remaining in the concentrator was aliquoted and stored at −80°C. For quantification of virus, Vero cells were grown to a confluent monolayer in RPMI 1640 medium with 10% FBS (Cultilab) and 1% penicillin‐streptomycin‐glutamine (Gibco) in 24‐well plates at 37°C. The virus was serially diluted in serum‐free medium and then inoculated into the cells at 37°C with gentle shaking every 15 minutes for 1 hour. Next, the medium was replaced with RPMI 1640 medium containing 2% carboxymethylcellulose and 2% FBS (Cultilab) (overlay medium) and the culture kept at 37°C. After 5 days, the cells were fixed in 3% formalin in phosphate‐buffered saline for 1 hour, washed, and stained with 1% crystal violet in 10% formalin solution for 1 hour. Plates were washed with water, and plaques were counted manually.

Animals and YF Mouse Infection {#hep41504-sec-0006}
------------------------------

*In vivo* experiments were conducted using type I INF receptor deficient mice (A129^−/−^) on a SV129 background. The A129^−/−^ mice were originally from the Jackson Laboratories (reference 010830) and were obtained from Bioterio de Matrizes da Universidade de Sao Paulo and kept under specific pathogen‐free conditions at the Immunopharmacology Lab at the Universidade Federal de Minas Gerais (UFMG). This mouse model was used because its use has already been described for studying the pathogenesis of YF.^(^ [^10^](#hep41504-bib-0010){ref-type="ref"} ^)^ In particular, this model recapitulates key features of fatal human YF infection, including death, YFV replication and dissemination, proinflammatory cytokine release, and severe pathology in visceral organs, including the liver.^(^ [^10^](#hep41504-bib-0010){ref-type="ref"} ^)^ The rationale for using the A129^−/−^ strain is that the resistance of mice to fatal viscerotropic YFV infection is mediated by interferons (IFNs), as it appears to be for dengue virus.^(^ [^11^](#hep41504-bib-0011){ref-type="ref"} ^)^ Mice were housed in filtered cages with autoclaved food and water available *ad libitum* on ventilated shelves (Alesco, Monte Mor, Brazil). Mice were housed under standard conditions with controlled temperature (18°C‐23°C), humidity (40%‐60%), and 12/12‐hour dark‐light cycle. Sample sizes for *in vivo* studies were determined using the G\*Power 3.1 software package. The experimental protocol was approved by the Committee on Animal Ethics of the UFMG (permit protocol no. 84/2018). All surgeries were performed under ketamine/xylazine anesthesia. Studies with YFV were conducted under biosafety level 2 containment at Immunopharmacology Lab from the Instituto de Ciencias Biológicas at the UFMG.

For the experiments, adult male and female A129^−/−^ mice (7‐9 weeks old, 20‐22 g) were inoculated with different inoculums of either YFV~17DD~ or YFV~WT~ viruses' strains through intravenous route/200 μL (tail vein). Control (noninfected) mice received 200 μL of C6/36 cell culture supernatant also through intravenous route (tail vein). Morbidity parameters such as lethality rates and bodyweight loss were evaluated daily. For clinical analysis, a kinetic of infection was performed and analysis was conducted on days 1, 3, and 6 following YFV infection.

Statistical Analysis {#hep41504-sec-0007}
--------------------

Data are presented as arithmetic mean ± SEM unless otherwise indicated. For statistical analysis, means between two groups were compared by Student *t* test, and comparisons among groups were analyzed by one‐way analysis of variance (ANOVA) followed by Bonferroni's posttest. A *P* value of 0.05 or less was considered statistically significance.

Further Methodological Details {#hep41504-sec-0008}
------------------------------

Detailed additional materials and methods are available in the [Supporting Information](#hep41504-sup-0004){ref-type="supplementary-material"}.

Results {#hep41504-sec-0009}
=======

Clinical, Pathological, and Cell Biological Characteristics of YFV‐Induced Liver Failure {#hep41504-sec-0010}
----------------------------------------------------------------------------------------

We examined clinical presentations (Table [1](#hep41504-tbl-0001){ref-type="table"}) and liver biopsies (Fig. [1](#hep41504-fig-0001){ref-type="fig"} and Supporting Fig. [S1](#hep41504-sup-0001){ref-type="supplementary-material"}) of YFV‐infected patients who were considered for liver transplant at Hospital Felicio Rocho, Belo Horizonte, Brazil, during the 2018 outbreak. Fourteen patients were admitted, most of whom transferred from other hospitals specifically for transplant evaluation. Thirteen patients were male (92.8%) with an average age 47 (22‐67 years), and all patients were exposed to forested areas. All but 1 of the patients were not vaccinated. Eight of the patients were deemed appropriate for listing for liver transplantation. These patients had high serum levels of transaminases at admission (9,000‐27,000 U/mL), with aspartate aminotransferase \> alanine aminotransferase; 6 developed acute kidney injury and required hemodialysis. All patients had severe coagulopathy, with thrombocytopenia (18,000‐55,000), elevated international normalized ratio (1.5‐10.0), and low factor V activity (11%‐30%). Serum bilirubin also was elevated in nearly all of the patients, although serum alkaline phosphatase was in the normal range (not shown), suggesting that liver failure was due entirely to hepatocellular injury. Patients developed hepatic encephalopathy between 6 and 11 days after onset of symptoms, and progression from grade I to grade IV (24 hours) and then to death (36 hours) was very fast. After listing, 4 patients (50%) underwent orthotopic liver transplantation, whereas the other 4 died on the waiting list after a median of 24 hours. Two of the 4 transplanted patients died: one 3 hours after liver transplantation due to primary graft nonfunction, and the other 3 days after liver transplantation due to septic shock. The 2 patients who survived received sofosbuvir from 2 days before the surgery until 8 days following transplant. Both of these patients were in good health 18 months later.

###### 

Clinical Data of Patients Hospitalized at Hospital Felicio Rocho in 2018 YF Outbreak

  Patient   Age (years)   Gender   Platelets (per mL)   AST (IU/L)   ALT (IU/L)   Bilirubin (mg/dL)   INR    Creatinine (mg/dL)   Lactate (IU/L)   Encephalopathy   Transplantation (days)   Outcome
  --------- ------------- -------- -------------------- ------------ ------------ ------------------- ------ -------------------- ---------------- ---------------- ------------------------ ---------
  1         53            M        29,000               9,693        2,282        17.2                2.9    12.4                 133              4                N                        Dead
  2         64            M        26,000               7,900        4,648        3.54                2.3    6.48                 61               2                Y                        Alive
  3         37            M        58,000               8,151        7,206        8.16                \>10   7.1                  164              3                Y                        Dead
  4         49            M        89,000               5,160        2,463        5.12                1.81   8.74                 40               n                N                        Alive
  5         39            M        58,000               8,707        4,509        6.81                2.9    8.81                 125              4                N                        Dead
  6         58            M        12,000               12,590       7,446        21.9                1.65   1.17                 42               n                N                        Alive
  7         69            M        35,000               8,572        3,987        5.9                 \>10   8.11                 135              3                Y                        Dead
  8         57            M        29,000               8,451        3,854        10.1                4.4    7.49                 184              4                N                        Dead
  9         57            F        46,000               28,266       9,680        4.47                \>10   5.06                 115              4                N                        Dead
  10        63            M        56,000               3,650        2,215        5.41                1.12   0.77                 20               n                N                        Alive
  11        23            M        18,000               9,471        3,926        13.47               1.7    0.92                 20               n                N                        Alive
  12        45            M        79,000               2,790        2,126        1.02                1.1    1.2                  8                n                N                        Alive
  13        47            M        38,000               13,207       2,992        8.15                2.9    1.46                 41               3                Y                        Alive
  14        40            M        49,000               157          288          0.49                1.1    0.82                 15               n                N                        Alive

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; INR, international normalized ratio; N, no; Y, yes.
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![Patients with acute liver failure from YF have steatosis, pan‐lobular cell death, and new expression of ITPR3. (A) H&E‐stained liver sections from healthy patient (left panel), YFV‐infected patient showing mild liver disease (middle panel, biopsy from a liver graft), and a liver explant specimen from a patient with severe hepatic disease due to YFV infection (right panel). Patients were infected in 2018 during the YFV outbreak in Minas Gerais, Brazil. (B) Immunohistochemistry (IHC) staining for flavivirus envelope protein 4G2. (C) TEM images of liver samples from healthy patients (top panels) or YFV‐infected patient displaying severe hepatic disease (bottom panels), showing mitochondria with disorganized or absent crests, phagosomes, and lipid droplets. Graphs show quantification of number of lipid droplets, percentage of altered mitochondria, mitochondria‐endoplasmic reticulum proximity, and mitochondrial number. Bars indicate the average values of samples from at least eight hepatocytes/group. (D) IHC liver slices stained for ITPR3. Arrows indicate ITPR3 localization in the cytoplasm and nucleus in hepatocytes of mild and severe cases of YF. (E) IHC stained for 5mC (scale bar: 50 μm, 100 μm, and 200 μm for H&E and IHC, and 1 μm and 5 μm for TEM). Significance was analyzed using Student *t* test (\*\**P* \< 0.01). Abbreviations: LD, lipid droplet; Nu, nucleus; M, mitochondrion; Ph, phagosome.](HEP4-4-657-g001){#hep41504-fig-0001}

Histological analysis of liver biopsy specimens showed severe hepatocellular damage throughout the hepatic lobule in the explants, while grafts developed mild injury in the midzone region (Fig. [1A](#hep41504-fig-0001){ref-type="fig"} and Supporting Fig. [S1](#hep41504-sup-0001){ref-type="supplementary-material"}A). Pathological changes in explants included steatosis, lytic necrosis, hemorrhage, and inflammatory infiltrates, similar to what was described in a recent case report,^(^ [^7^](#hep41504-bib-0007){ref-type="ref"} ^)^ and consistent with the clinical presentations of these patients. Pathological changes in midzonal hepatocytes of grafts included swelling, steatosis, apoptosis, and lytic necrosis (Fig. [1A](#hep41504-fig-0001){ref-type="fig"}, middle panel). All biopsy specimens also showed positive staining for the flavivirus envelope protein 4G2 (Fig. [1B](#hep41504-fig-0001){ref-type="fig"} and Supporting Fig. [S1](#hep41504-sup-0001){ref-type="supplementary-material"}B), confirming the association between liver injury and YFV infection in these patients. Transmission electron microscopy (TEM) analysis demonstrated microvesicular steatosis in the YFV‐infected hepatocytes (Fig. [1C](#hep41504-fig-0001){ref-type="fig"}), with a 3‐fold increase in the number of lipid droplets relative to what was observed in normal control hepatocytes. Both steatosis and certain types of cell death have been linked to alterations in mitochondrial calcium signals in hepatocytes,^(^ [^12^](#hep41504-bib-0012){ref-type="ref"}, [^13^](#hep41504-bib-0013){ref-type="ref"}, [^14^](#hep41504-bib-0014){ref-type="ref"} ^)^ which in turn may result from aberrant expression of the ITPRs that conduct calcium from the endoplasmic reticulum (ER) into mitochondria at mitochondria‐associated membranes (MAMs).^(^ [^14^](#hep41504-bib-0014){ref-type="ref"} ^)^ TEM analysis also showed that YFV‐infected hepatocytes displayed mitochondrial alterations, including dissolved mitochondrial crests and presence of membrane pores, and an increased amount of MAMs, but no change in the total number of mitochondria (Fig. [1C](#hep41504-fig-0001){ref-type="fig"}). Transmission of calcium into mitochondria depends on which ITPR isoforms are expressed at the MAM,^(^ [^15^](#hep41504-bib-0015){ref-type="ref"}, [^16^](#hep41504-bib-0016){ref-type="ref"} ^)^ which varies among cell types and can change in disease states.^(^ [^13^](#hep41504-bib-0013){ref-type="ref"}, [^14^](#hep41504-bib-0014){ref-type="ref"}, [^17^](#hep41504-bib-0017){ref-type="ref"}, [^18^](#hep41504-bib-0018){ref-type="ref"} ^)^ Therefore, we examined whether expression of each of the three ITPR isoforms was altered in YF.

ITPR1 and ITPR2 are the isoforms principally expressed in normal hepatocytes,^(^ [^19^](#hep41504-bib-0019){ref-type="ref"}, [^20^](#hep41504-bib-0020){ref-type="ref"} ^)^ although hepatocytes begin to express ITPR3 as well in chronic liver diseases and in liver cancer, where it is responsible for certain pathological effects.^(^ [^21^](#hep41504-bib-0021){ref-type="ref"}, [^22^](#hep41504-bib-0022){ref-type="ref"} ^)^ Unexpectedly, ITPR3 expression markedly increased in hepatocytes during YF infection (Fig. [1D](#hep41504-fig-0001){ref-type="fig"} and Supporting Fig. [S1](#hep41504-sup-0001){ref-type="supplementary-material"}C). Cytoplasmic, perinuclear, and nuclear ITPR3 staining was observed in hepatocytes in both explants and grafts (Fig. [1D](#hep41504-fig-0001){ref-type="fig"}). In contrast, there was no change in expression of ITPR1 (Supporting Fig. [S1](#hep41504-sup-0001){ref-type="supplementary-material"}C), which is the isoform that normally localizes to the MAM in hepatocytes,^(^ [^14^](#hep41504-bib-0014){ref-type="ref"} ^)^ whereas ITPR2 expression was increased but to a much lesser extent than ITPR3 (Supporting Fig. [S1](#hep41504-sup-0001){ref-type="supplementary-material"}C‐E). Demethylation of its promoter can increase ITPR3 expression in hepatocytes,^(^ [^22^](#hep41504-bib-0022){ref-type="ref"} ^)^ and viral infection can promote DNA demethylation,^(^ [^23^](#hep41504-bib-0023){ref-type="ref"}, [^24^](#hep41504-bib-0024){ref-type="ref"} ^)^ so we analyzed the general methylation state in human YFV‐infected tissue by examining tissue staining for 5‐methyl cytosine (5mC), the methylated form of the DNA base cytosine targeted to DNA demethylases (Fig. [1E](#hep41504-fig-0001){ref-type="fig"}). Hepatocytes from normal liver were mostly positively stained (Fig. [1E](#hep41504-fig-0001){ref-type="fig"}, left panel), while hepatocytes were not labeled in either mild or severe liver injury from YFV (Fig. [1E](#hep41504-fig-0001){ref-type="fig"}, middle and right panels, respectively). Together, these findings demonstrate that YF infection induces hepatocytes to express ITPR3 and suggest that this occurs through DNA demethylation.

Mouse Model of YFV Infection Replicates Histological and Functional Characteristics of Liver Involvement in Human Disease {#hep41504-sec-0011}
-------------------------------------------------------------------------------------------------------------------------

An animal model was used to investigate the mechanism of YF‐induced liver injury and the role of ITPR3 in this. IFN α/β receptor KO SV129 mice were infected with YFV, and the time‐course of ITPR3 expression was monitored. Mice were infected with either the attenuated YFV strain (YFV~17DD~) used in the YF vaccine (Fig. [2](#hep41504-fig-0002){ref-type="fig"}) or with a sylvatic YFV strain (YFV~WT~) that was isolated from a patient with YFV‐liver failure in February 2018 (Supporting Fig. [S2](#hep41504-sup-0002){ref-type="supplementary-material"}). Both strains caused loss of body weight and death (Fig. [2A](#hep41504-fig-0002){ref-type="fig"} and Supporting Fig. [S2](#hep41504-sup-0002){ref-type="supplementary-material"}A). YFV~17DD~ reduced survival by 20% at 4 × 10^4^ plaque‐forming units (PFU) 7 days post‐infection (dpi) (Fig. [2A](#hep41504-fig-0002){ref-type="fig"}), while all mice died by 7 dpi with 4 × 10^4^ PFU of YFV~WT~ (Supporting Fig. [S2](#hep41504-sup-0002){ref-type="supplementary-material"}A). Therefore, 4 × 10^4^ PFU injections were used for further studies. Quantitative RT‐PCR showed YFV~17DD~ messenger RNA (mRNA) in the mouse liver at 3 dpi, although the virus was not detected at 1 dpi and was completely eliminated by 6 dpi (Fig. [2B](#hep41504-fig-0002){ref-type="fig"}). Kinetics of indocyanine green (ICG) clearance from the blood was used to assess liver function in the YFV~17DD~‐infected mice (Fig. [2C](#hep41504-fig-0002){ref-type="fig"}). There was a significant increase in ICG concentration in the blood after 1, 3, and 6 dpi, reflecting hepatic impairment, although the ICG concentration returned to normal at 10 dpi. Hematoxylin and eosin (H&E) stained liver specimens were microscopically examined. Hepatocytes displayed discrete hydropic degeneration (swollen cells with clear and vacuolated cytoplasm and central nucleus) in response to inoculation with 1 or 3 dpi of YFV~17DD~ (Fig. [2D](#hep41504-fig-0002){ref-type="fig"}) or YFV~WT~ (Supporting Fig. [S2](#hep41504-sup-0002){ref-type="supplementary-material"}B); however, at 6 dpi, liver tissues were similar to controls. The frequency of apoptosis, steatosis, necroptosis, and necrosis were analyzed in 300‐nm‐thick sections stained with toluidine blue, and showed a progressive increase following infection, regardless of whether animals were infected with YFV~17DD~ (Fig. [2E](#hep41504-fig-0002){ref-type="fig"}) or YFV~WT~ (Supporting Fig. [S2](#hep41504-sup-0002){ref-type="supplementary-material"}C). Hepatocytes isolated from YFV~17DD~‐infected mice at 3 dpi displayed an increased number of Bodipy‐labeled lipid droplets compared with control hepatocytes (Fig. [2F](#hep41504-fig-0002){ref-type="fig"}). As in patients, livers of YFV‐infected mice began to express ITPR3 (Fig. [2G](#hep41504-fig-0002){ref-type="fig"} and Supporting Fig. [S2](#hep41504-sup-0002){ref-type="supplementary-material"}D). Western blot analysis demonstrated that expression of ITPR3 was significantly increased 3 dpi and 6 dpi in mice infected with either YFV~17DD~ (Fig. [2G](#hep41504-fig-0002){ref-type="fig"}) or YFV~WT~ (Supporting Fig. [S2](#hep41504-sup-0002){ref-type="supplementary-material"}D). Similarly, 5mC staining showed that DNA methylation was decreased at 3 dpi with YFV~WT~ (Supporting Fig. [S2](#hep41504-sup-0002){ref-type="supplementary-material"}E) compared with the noninfected group. Sequencing the ITPR3 promoter region of liver samples from mice at 3 dpi after YFV~17DD~ (Fig. [2H](#hep41504-fig-0002){ref-type="fig"}) or YFV~WT~ infection (Supporting Fig. [S2](#hep41504-sup-0002){ref-type="supplementary-material"}F) confirmed demethylation, consistent with this being responsible for the new expression of ITPR3 in infected hepatocytes. Together, these results show that α/β KO SV129 mice infected with YFV display cellular and molecular alterations in the liver that are similar to what is observed in humans, including *de novo* expression of ITPR3.

![Mouse model replicates histological findings in patients with liver failure from YF infection. IFN‐α/βR^−/−^ SV129 mice (7--9 weeks old) were inoculated intravenously with YFV strain (YFVV~17DD~) vaccine. (A) Changes in body weight (left panel) and Kaplan‐Meier survival curve (right panel) after inoculums of 4 × 10^2^ to 4 × 10^6^ PFU. (B) Quantitative RT‐PCR analysis of YFV viral load in the mice livers on 1 dpi, 3 dpi, and 6 dpi after inoculation of 4 × 10^4^ PFU. Results are expressed as mean ± SEM (\*\**P* \< 0.01 and \*\*\**P* \< 0.001 using ANOVA, Bonferroni's posttest). (C) Liver function measured by the ICG clearance after inoculation of 4 × 10^4^ PFU. Bars indicate mean ± SEM of samples from 3‐6 animals/group (\*\*\**P* \< 0.001 and \*\*\*\**P* \< 0.0001 using ANOVA, Bonferroni's posttest compared with mock samples). (D) Representative H&E‐stained liver slices of mock and YFV~17DD~ inoculated animals on 1 dpi, 3 dpi, and 6 dpi. Scale bar: 50 μm and 100 μm. Arrows indicate hydropic degeneration characterized by the presence of swollen hepatocytes with clear and vacuolated cytoplasm and central nucleus. (E) Images of high‐resolution light microscopy of 300‐μm‐thick liver sections stained with toluidine blue, and representative images of mock and YFV~17DD~ inoculated mice on 1 dpi (B), 3 dpi (C), and 6 dpi (D) showing hepatocytes with normal aspect (white \*) and ongoing different cell death processes (black \*). Normal hepatocytes from mock animal with central nucleus, rough cytoplasm with many organelles, and few lipid droplets (arrowheads). Early apoptosis with initial cell and organelle condensation in hepatocyte from 1 dpi of YFV~17DD~. Necroptosis characterized by pale and swollen nucleus and cytoplasm with plasma membrane integrity in hepatocyte from 3 dpi of YFV~17DD~. Necrosis, illustrated by empty spaces of cytoplasm in hepatocyte from 6 dpi of YFV~17DD~ (left panel). Arrows indicate sinusoid capillaries; arrowheads indicate lipid droplets (scale bar: 25 μm and 50 μm). Frequency of cell death processes and steatosis analyzed in high‐resolution images of 300‐nm‐thick sections (right panel). (F) Representative immunofluorescence images of isolated hepatocytes stained with Bodipy (green) and 4′,6‐diamidino‐2‐phenylindol (blue) from mock and YFV~17DD~ 3‐dpi inoculated animals (upper panel) (scale bar: 20 μm). Bottom panel shows the quantification of lipid droplets (number/cell). Bars indicate mean ± SEM of samples from three animals/group (\*\*\*\**P* \< 0.0001 using Student *t* test). (G) ITPR3 expression is increased in liver 3 and 6 days after infection of mice with YFV~17DD~. Left panel shows representative blots for ITPR3 expression in liver lysates from mock, and YFV~17DD~ 1‐dpi, 3‐dpi, and 6‐dpi inoculated animals. Each lane reflects the blot for the lysate from a separate animal. Right panel shows quantification of ITPR3 expression, normalized by b‐actin. Bars indicate mean ± SEM of samples from 3‐6 animals/group (\*\**P* \< 0.01 and \*\*\**P* \< 0.001 using ANOVA, Bonferroni's posttest compared with mock samples). (H) Demethylation sites on cytosine‐guanine dinucleotide (CpG) islands in mouse ITPR3 promoter region after 3 dpi with YFV~17DD~ virus. Black dots represent methylated sites, and white dots represent demethylated sites. Quantification of methylated/demethylated CpG island ratio in mock and YFV‐infected liver samples. Abbreviations: IB, immunoblot; Nu, nucleus.](HEP4-4-657-g002){#hep41504-fig-0002}

ITPR3 Expression in Hepatocytes Protects YF‐Infected Liver {#hep41504-sec-0012}
----------------------------------------------------------

To investigate the effects of YF‐induced *de novo* expression of ITPR3 in hepatocytes, experiments were performed in the liver‐derived HepG2 cell line, which constitutively expresses ITPR3.^(^ [^22^](#hep41504-bib-0022){ref-type="ref"}, [^25^](#hep41504-bib-0025){ref-type="ref"} ^)^ These cells were compared with knockout for ITPR3 (R3KO) HepG2 cells, in which CRISPR was used to delete ITPR3 (Fig. [3A](#hep41504-fig-0003){ref-type="fig"}).^(^ [^22^](#hep41504-bib-0022){ref-type="ref"} ^)^

![ITPR3 expression is protective in a YF‐infected, liver‐derived cell line. (A) Representative confocal images of HepG2 ITPR3 KO (HepG2 R3KO) cells and western blot for ITPR3 expression in HepG2 and HepG2 R3KO cells. (B) Confocal images of HepG2 and HepG2 R3KO cells loaded with Fluo‐4/AM (6 μM) and stimulated with 40 μM ATP. The cells were infected with 50 MOI of YFV~17DD~ strain 24 hours before the Ca^2+^ analysis (scale bar: 20 μm). (C) Representative time‐course of total Ca^2+^ signal (upper panel), quantification of the peak fluorescence following stimulation with ATP (bottom‐left panel), and percentage of responsive cells to increase of cytoplasmic Ca^2+^ signal (bottom‐right panel). (D) Representative time‐course of nuclear Ca^2+^ signal in the cells loaded with Fluo‐4/AM (6 μM) (upper graph). Bottom‐left panel graph shows quantification of the peak fluorescence, and bottom‐right graph shows percentage of responsive cells to increase of nuclear Ca^2+^ signal following stimulation with ATP. (E) Crystal violet proliferation assay 1 dpi with 50 MOI of YFV~17DD~. (F) YFV~17DD~ cytotoxicity. Cell viability was measured by lactate‐dehydrogenase release by the cells 1 dpi with different YFV~17DD~ inoculums (left panel). Proportion of apoptotic cells at day 1 of YFV~17DD~ 50 MOI infection, measured by flow cytometer analysis for annexin V--positive cells (right panel). Bars indicate the average values of samples from 3‐6 biological replicates (\>20 cells/replicate for Ca^2+^ signaling analysis). Significance was analyzed by the ANOVA, Bonferroni's posttest (\**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, and \*\*\*\**P* \< 0.0001) compared with mock samples. Abbreviations: IB, immunoblot; LDH, lactate dehydrogenase; ns, no statistical difference.](HEP4-4-657-g003){#hep41504-fig-0003}

Calcium signal indicates the increase of free Ca^2+^ in a cell compartment relative to the basal level elicited by an agonist that directly or indirectly activates a calcium‐dependent cascade. Cytosolic calcium signals were increased in YFV~17DD~‐infected cells relative to uninfected controls. The amplitude of the calcium signals was more than 3‐fold greater in infected WT cells, but less than 2‐fold greater in infected R3KO HepG2 cells, each relative to their uninfected controls (Fig. [3B](#hep41504-fig-0003){ref-type="fig"},[C](#hep41504-fig-0003){ref-type="fig"}). Calcium signaling can be regulated independently in the nucleus,^(^ [^25^](#hep41504-bib-0025){ref-type="ref"} ^)^ and nuclear calcium signals modulate progression through the cell cycle, hepatocyte proliferation, and liver regeneration,^(^ [^26^](#hep41504-bib-0026){ref-type="ref"}, [^27^](#hep41504-bib-0027){ref-type="ref"}, [^28^](#hep41504-bib-0028){ref-type="ref"}, [^29^](#hep41504-bib-0029){ref-type="ref"}, [^30^](#hep41504-bib-0030){ref-type="ref"} ^)^ so we investigated Ca^2+^ signaling in the nucleus as well (Fig. [3D](#hep41504-fig-0003){ref-type="fig"}). YFV~17DD~ infection enhanced nuclear Ca^2+^ signals in both WT and R3KO cells, relative to uninfected cells. However, the amplitude of the nuclear Ca^2+^ signal was about 2.2‐fold more pronounced in WT than in R3KO HepG2 cells (Fig. [3D](#hep41504-fig-0003){ref-type="fig"}). Consistent with this, a higher proliferation rate was observed in YFV~17DD~‐infected HepG2 cells compared with mock cells, whereas YFV~17DD~ did not induce proliferation in R3KO HepG2 cells (Fig. [3E](#hep41504-fig-0003){ref-type="fig"}). Moreover, cells lacking ITPR3 were more susceptible to the cytotoxic effect of YFV~17DD~ (Fig. [3F](#hep41504-fig-0003){ref-type="fig"}). This increased cytotoxic activity may have been due in part to the induction of apoptosis; Annexin V‐positive cells were more prevalent in YFV~17DD~‐infected R3KO HepG2 cells than in uninfected cells, but not in YFV~17DD~‐infected WT HepG2 cells relative to their uninfected controls (Fig. [3F](#hep41504-fig-0003){ref-type="fig"}). Additionally, lipid droplet formation was higher in R3KO HepG2 cells than in WT cells, and this was even more pronounced after YFV~17DD~ infection (Fig. [4A](#hep41504-fig-0004){ref-type="fig"}). This preferential increase in steatosis in R3KO HepG2 was not related to mitochondrial Ca^2+^ signaling, because the amplitude of mitochondrial Ca^2+^ signals was increased to a similar extent in R3KO and WT HepG2 cells infected with YFV~17DD~ (Fig. [4B](#hep41504-fig-0004){ref-type="fig"}). However, the expression of cpt1b and VLCAD, which are genes related to β‐oxidation, was down‐regulated in YFV~17DD~‐infected R3KO HepG2 cells, whereas VLCAD was up‐regulated in WT HepG2 cells (Fig. [4C](#hep41504-fig-0004){ref-type="fig"},[D](#hep41504-fig-0004){ref-type="fig"}). Therefore, the steatosis observed in R3KO HepG2 cells may have been due at least in part to inhibition of β‐oxidation, which is responsible for breakdown of fatty acids derived from lipolysis of lipid droplets.^(^ [^31^](#hep41504-bib-0031){ref-type="ref"} ^)^ YFV~17DD~ caused down‐regulation of mRNA levels of the lipogenesis genes SREBP1 and FAS in both HepG2 cell lines, but more pronounced in R3KO HepG2 cells than in WT (Fig. [4E](#hep41504-fig-0004){ref-type="fig"},[F](#hep41504-fig-0004){ref-type="fig"}). These findings are consistent with the idea that ITPR3 stimulates nuclear Ca^2+^ signaling, cell proliferation, and lipolysis in YFV‐infected hepatocytes, which collectively mitigates the deleterious effects of the infection.

![ITPR3 expression decreases steatosis in a YF‐infected, liver‐derived cell line. (A) Immunofluorescence images of HepG2 and HepG2 R3KO cells stained with Bodipy (green) and 4′,6‐diamidino‐2‐phenylindole (blue), both in mock and 1‐dpi YFV~17DD~ cells (upper panel), and quantification of lipid droplets (number/cell) (scale bar: 20 μm) (bottom panel). (B) Representative time‐course of mitochondrial Ca^2+^ signal (left graph). Cells were transfected with the mitochondrial matrix--targeted Ca^2+^ indicator inverse‐pericam and stimulated with 40 μM ATP. Graphs show quantification of the peak of fluorescence following stimulation with ATP (middle graph) and percentage of responsive cells to increase of mitochondrial Ca^2+^ signals (right graph). Quantitative RT‐PCR analysis for mRNA expression of β‐oxidation, Cpt1b (C), VLCAD (D), lipogenesis, and SREBP1 (E) and FAS (F) genes. Bars indicate the average values of samples from three to six biological replicates (\>20 cells/replicate for Ca^2+^ signaling analysis). Significance was analyzed by the ANOVA, Bonferroni's posttest (\**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, and \*\*\*\**P* \< 0.0001) compared with mock samples. Abbreviations: GAPDH, glyceraldehyde 3‐phosphate dehydrogenase; ns, no statistical difference.](HEP4-4-657-g004){#hep41504-fig-0004}

To further investigate the effects of YFV infection on ITPR3 expression and calcium signaling, these were examined in freshly isolated primary mouse hepatocytes. Cells were stimulated with either epidermal growth factor (EGF) (Fig. [5A](#hep41504-fig-0005){ref-type="fig"}) or adenosine triphosphate (ATP) (Supporting Fig. [S3](#hep41504-sup-0003){ref-type="supplementary-material"}), because both of these stimuli are important for calcium‐mediated hepatocyte proliferation and liver regeneration.^(^ [^32^](#hep41504-bib-0032){ref-type="ref"}, [^33^](#hep41504-bib-0033){ref-type="ref"}, [^34^](#hep41504-bib-0034){ref-type="ref"}, [^35^](#hep41504-bib-0035){ref-type="ref"} ^)^ The amplitude of both cytosolic and nuclear Ca^2+^ signals induced by EGF was higher in hepatocytes from YFV~17DD~‐infected mice than in mock hepatocytes (Fig. [5B](#hep41504-fig-0005){ref-type="fig"},[C](#hep41504-fig-0005){ref-type="fig"}, respectively). Cytosolic and nuclear Ca^2+^ signals in YFV~17DD~‐infected hepatocytes were also more pronounced in cells stimulated with ATP (Supporting Fig. [S3](#hep41504-sup-0003){ref-type="supplementary-material"}A‐C, respectively). ITPR3 expression was increased in the nucleus of YFV~17DD~‐infected hepatocytes, with its expression peak at 3 dpi (Fig. [5D](#hep41504-fig-0005){ref-type="fig"}), and this was associated with a higher number of proliferating cell nuclear antigen (PCNA)‐positive hepatocytes in the YFV~17DD~‐infected mice as well (Fig. [5E](#hep41504-fig-0005){ref-type="fig"}). Specifically, nuclear staining for PCNA, a marker for proliferation, was significantly increased in YFV~17DD~‐infected mice at 1 dpi, 3 dpi, and 6 dpi (Fig. [5E](#hep41504-fig-0005){ref-type="fig"}). Consistent with these findings, a marked increase in PCNA staining was observed in the livers of YFV‐infected patients with either mild (Fig. [5F](#hep41504-fig-0005){ref-type="fig"}, middle panel) or severe (Fig. [5F](#hep41504-fig-0005){ref-type="fig"}, right panel) liver disease. Together, these results suggest that ITPR3 expression induced by YFV infection triggers a regenerative mechanism through a nuclear Ca^2+^ increase, in an attempt to protect the liver by stimulating hepatocyte proliferation.

![YF infection increases Ca^2+^ signals in the nucleus and enhances proliferation of hepatocytes. (A) Confocal images of hepatocytes isolated from liver tissue of 3‐dpi YFV~17DD~‐infected mice. Cells were loaded with Fluo‐4/AM (6 μM) and stimulated with 100 ng/mL EGF (scale bar: 20 μm). (B) Representative time‐course of total Ca^2+^ signal (left panel) and quantification of the peak fluorescence following stimulation with EGF (right panel). (C) Representative time‐course of nuclear Ca^2+^ signal (left panel) and quantification of the peak fluorescence of nuclear Ca^2+^ signal following stimulation with EGF (right panel). (D) Nonnuclear and nuclear protein fractions of liver lysates from mock, 1‐dpi, 3‐dpi, and 6‐dpi YFV~17DD~‐infected animals were tested for ITPR3 expression by western blot. Left panel shows representative blots; middle and right graphs show quantification of ITPR3 in nonnuclear and nuclear protein fractions. (E) IHC images of liver slices stained for PCNA in mock and YFV~17DD~‐infected animals on 1 dpi, 3 dpi, and 6 dpi (left panel). Scale bar: 100 μm. Quantification of PCNA‐positive cells is shown in the right graph. (F) PCNA staining of liver slices from a healthy patient (left panel), YFV‐infected hepatic human tissue from a graft biopsy with mild liver disease (middle panel), and an explant sample from a patient with severe hepatic disease (right panel). Scale bar: 50 μm. Bars indicate the average values of samples from three to six biological replicates (\>20 cells/replicate for Ca^2+^ signaling analysis). Significance was analyzed by Student *t* test or the ANOVA, Bonferroni's posttest (\**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001) compared with mock samples. Abbreviation: IB, immunoblot.](HEP4-4-657-g005){#hep41504-fig-0005}

Discussion {#hep41504-sec-0013}
==========

Despite extensive knowledge about YFV transmission and prophylaxis,^(^ [^36^](#hep41504-bib-0036){ref-type="ref"} ^)^ this infection remains a major threat to human health, and understanding of its pathogenesis remains limited. Here, we characterized the clinical and pathological findings in patients evaluated for liver transplant because they developed acute liver failure from their infection. The current findings complement and extend other recent clinical observations of YF liver failure, including the presence of massive hepatocellular necrosis and microvesicular steatosis, plus the rapid progression of coagulopathy, encephalopathy, and acute kidney injury.^(^ [^5^](#hep41504-bib-0005){ref-type="ref"}, [^6^](#hep41504-bib-0006){ref-type="ref"}, [^7^](#hep41504-bib-0007){ref-type="ref"}, [^37^](#hep41504-bib-0037){ref-type="ref"} ^)^ Hepatocytes of infected patients also began to heavily express ITPR3, a calcium channel that is normally absent or minimally expressed in hepatocytes.^(^ [^19^](#hep41504-bib-0019){ref-type="ref"}, [^20^](#hep41504-bib-0020){ref-type="ref"}, [^38^](#hep41504-bib-0038){ref-type="ref"} ^)^ This change was observed in a mouse model of YFV infection as well.

New expression of ITPR3 occurs in a variety of chronic liver diseases, and becomes more pronounced in hepatocellular carcinoma (HCC).^(^ [^22^](#hep41504-bib-0022){ref-type="ref"} ^)^ In that setting, pathological effects such as enhanced proliferation and resistance to apoptosis have been attributed to the ITPR3.^(^ [^22^](#hep41504-bib-0022){ref-type="ref"} ^)^ We report that ITPR3 can also become expressed in acute liver injury. Some of the ITPR3 in YFV infection localizes to the nucleus, where it is positioned to contribute to the enhanced nuclear calcium signaling observed here. This may have important therapeutic implications, as hepatocyte proliferation is dependent on calcium signals in the nucleus,^(^ [^26^](#hep41504-bib-0026){ref-type="ref"} ^)^ and the growth factors that are principally responsible for liver regeneration exert their effects by selectively activating nuclear calcium signaling pathways.^(^ [^27^](#hep41504-bib-0027){ref-type="ref"}, [^28^](#hep41504-bib-0028){ref-type="ref"}, [^29^](#hep41504-bib-0029){ref-type="ref"}, [^30^](#hep41504-bib-0030){ref-type="ref"}, [^39^](#hep41504-bib-0039){ref-type="ref"} ^)^ It is less clear whether ITPRs that are localized to MAMs play a role in the pathogenesis of YFV liver disease. These ITPRs are responsible for mitochondrial calcium signals, which in turn regulate lipid droplet formation and certain forms of cell death.^(^ [^12^](#hep41504-bib-0012){ref-type="ref"}, [^13^](#hep41504-bib-0013){ref-type="ref"}, [^14^](#hep41504-bib-0014){ref-type="ref"}, [^16^](#hep41504-bib-0016){ref-type="ref"} ^)^ Normally this is regulated by ITPR1 in hepatocytes,^(^ [^14^](#hep41504-bib-0014){ref-type="ref"} ^)^ and expression of this isoform was not altered by YFV. ITPR2 can preferentially transmit calcium into mitochondria in some cell types,^(^ [^15^](#hep41504-bib-0015){ref-type="ref"}, [^40^](#hep41504-bib-0040){ref-type="ref"} ^)^ and ITPR2 expression was increased in YFV‐infected hepatocytes, but there is disagreement about whether this isoform localizes to the MAM and does not regulate steatosis in hepatocytes.^(^ [^14^](#hep41504-bib-0014){ref-type="ref"}, [^41^](#hep41504-bib-0041){ref-type="ref"} ^)^ ITPR3 can preferentially transmit calcium into mitochondria in other cell types^(^ [^15^](#hep41504-bib-0015){ref-type="ref"}, [^16^](#hep41504-bib-0016){ref-type="ref"}, [^17^](#hep41504-bib-0017){ref-type="ref"}, [^42^](#hep41504-bib-0042){ref-type="ref"} ^)^. Indeed, we found that loss of ITPR3 sensitized YFV‐infected cells to apoptosis; however, effects of ITPR3 on steatosis may instead reflect concomitant changes in expression of enzymes involved in fatty acid oxidation and lipogenesis. The role of ITPR3 in controlling the expression of lipogenic genes is an open question that is just now being investigated. Several calcium signaling genes were recently shown to be important in human and mouse samples of HCC caused by nonalcoholic steatohepatitis. Among them, ITPR3 was aberrantly up‐regulated in this disease,^(^ [^21^](#hep41504-bib-0021){ref-type="ref"} ^)^ suggesting that this calcium channel could play a role in lipid metabolism. Chronic ITPR3 expression also modulates gene expression, triggering an anti‐apoptotic response in HCC.^(^ [^22^](#hep41504-bib-0022){ref-type="ref"} ^)^ Together, these observations suggest the possibility of a modulatory effect of ITPR3 on different molecular pathways in YFV‐infected hepatocytes through regulation of gene expression, including genes related to lipid metabolism. Consistent with this, patients who develop symptoms from the YFV vaccine have enhanced ER stress,^(^ [^43^](#hep41504-bib-0043){ref-type="ref"} ^)^ which typically increases rather than decreases steatosis.^(^ [^44^](#hep41504-bib-0044){ref-type="ref"} ^)^ Lipid droplets are used by viruses from the Flaviviridae family, including YFV and hepatitis C virus (HCV), as an energy reservoir for replication, a platform for viral assembly^(^ [^45^](#hep41504-bib-0045){ref-type="ref"} ^)^ and a source of very low density lipoprotein, which is complexed to the HCV virus as a mechanism to evade the immune system.^(^ [^46^](#hep41504-bib-0046){ref-type="ref"} ^)^ Therefore, the current observation that ITPR3 inhibits steatosis may represent an additional protective role that it serves in YFV‐infected hepatocytes.

A correlation between viral load and worse outcome has been reported in nonhuman primates infected with YFV^(^ [^47^](#hep41504-bib-0047){ref-type="ref"} ^)^ as well as in patients with YFV,^(^ [^5^](#hep41504-bib-0005){ref-type="ref"} ^)^ and this relationship was recapitulated in our mouse model. Therefore, even though our findings suggest that *de novo* expression of ITPR3 in hepatocytes may be an endogenous protective mechanism in YFV infection, there also may be limits to the extent of this beneficial effect. It remains to be determined whether and to what extent the regulation of ITPR3 expression and targeting of this calcium channel to the nucleus can mitigate the liver damage that commonly contributes to the morbidity and mortality of this disease.
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